It is well known that C-peptide fulfills an important function in the synthesis of insulin. After cleavage of proinsulin in the pancreatic β-cells, the 31-amino acid C-peptide is secreted into the portal circulation in equimolar concentrations with insulin. After its discovery in 1967 ([@B1]), it was believed that C-peptide might exert physiological effects similar to those of insulin. However, no influence on glucose or lipid metabolism could be demonstrated, and C-peptide was subsequently regarded as a waste product of insulin synthesis. Nevertheless, it was found to be useful as an indicator of β-cell function, and since the mid-1970s, C-peptide has been used as a surrogate marker for monitoring the course of type 1 and type 2 diabetes and determining the effects of interventions designed to preserve and improve residual β-cell function.

Several studies demonstrate that patients with type 1 diabetes who show a degree of remaining β-cell activity are considerably less prone to develop microvascular complications than those who are totally C-peptide deficient ([@B2]). The possibility that C-peptide may exert direct effects of its own was reevaluated in the early 1990s. A series of studies was undertaken involving administration of the peptide to patients with type 1 diabetes, who lack C-peptide. This approach gave positive results, and it became apparent that replacement of C-peptide in physiological concentrations resulted in significant improvements in several diabetes-induced functional abnormalities ([@B3]--[@B7]). These surprising findings prompted a renewed interest in C-peptide physiology, and during the past 15 years, a steadily increasing number of reports on new aspects of C-peptide physiology have emerged. The information available today includes studies of the peptide's interaction with cell membranes and its intracellular signaling properties ([@B8]). In vivo studies in animal models of type 1 diabetes have defined a beneficial influence of C-peptide on diabetes-induced functional and structural abnormalities of the kidney, peripheral nerves, and central nervous system ([@B9],[@B10]). In addition, several studies in type 1 diabetic patients describing positive effects of C-peptide replacement therapy on nerve and kidney function have appeared ([@B9],[@B11]). The wealth of information now available supports the notion that C-peptide administration, together with regular insulin therapy, may be beneficial in the prevention and treatment of microvascular complications. The purpose of this review is to focus on C-peptide physiology and its potential role in the treatment of type 1 diabetes complications.

CELL MEMBRANE INTERACTION {#s1}
=========================

Specific binding of C-peptide to cultured rat pancreatic adenoma β-cells was described as early as 1986 ([@B12]), and further studies have demonstrated stereospecific binding to several human cell types, such as endothelial cells, skin fibroblasts, and renal tubular cells, using rhodamine-labeled C-peptide and fluorescence correlation spectroscopy ([@B13]). Bound C-peptide was displaced by excess unlabeled C-peptide and its COOH-terminal pentapeptide but not by insulin, proinsulin, IGF-I, IGF-II, or an all [d]{.smallcaps}-amino acid C-peptide, attesting to the specificity of the binding. Full saturation of the C-peptide binding occurred at a concentration of 0.9 nmol/L ([Fig. 1*A*](#F1){ref-type="fig"}); this finding is in keeping with the notion that at physiological concentrations of C-peptide, all binding sites can be expected to be fully occupied. Consequently, in healthy subjects with normal ambient C-peptide levels, no further response is to be expected after administration of exogenous C-peptide ([@B3]). The cell membrane structure with which C-peptide interacts appears to depend on the function of a G-protein--coupled receptor in most tissues, since pretreatment with pertussis toxin modifies the membrane binding ([@B13]) and inhibits the downstream signaling effects by C-peptide ([@B14],[@B15]). Using \[^35^S\]GTPγS binding, it has been shown that G-α~i~ proteins are specifically activated as C-peptide interacts with renal tubular cell membranes ([@B16]). All in all, the available studies of the full-length C-peptide and its COOH-terminal pentapeptide reveal properties typical of a peptide ligand interacting with a specific G-protein--coupled receptor, but attempts at its identification using gene cloning and proteomic approaches have not yielded positive results to date. It has also been proposed that the C-peptide membrane interaction might occur via a nonspecific mechanism independent of the peptide's direction or chirality ([@B17]), but such a mechanism has not been confirmed in further studies ([@B18]).

![*A*: Binding of rhodamine (Rh)-labeled C-peptide (CP) to membranes of human renal tubular cells. Fractional saturation of the membrane-bound ligand is presented as a function of the C-peptide concentration in the surrounding medium. The light blue area represents the physiological concentration (conc) range. Data are from Ref. [@B13]. *B*: Intracellular distribution of Rh-labeled C-peptide examined with confocal microscopy. Swiss 3T3 fibroblasts were incubated with Rh-labeled C-peptide (1 μmol/L) for 30 min at 37°C. Overlay graph of nuclear staining with Hoechst dye 33342 (1 μg/mL, blue) and Rh-labeled C-peptide staining (red). Treatment with Rh alone did not result in cytosolic or nuclear staining. Reprinted with permission from Lindahl et al. ([@B19]). (A high-quality digital representation of this figure is available in the online issue.)](761fig1){#F1}

Several studies have reported internalization of C-peptide after binding to the cell membrane. Uptake of rhodamine-labeled C-peptide has been demonstrated for mouse fibroblast Swiss 373 and human embryonic kidney 293 cells ([@B19]) ([Fig. 1*B*](#F1){ref-type="fig"}). Internalization has also been shown in human aortic endothelial cells and umbilical artery smooth muscle cells with initial localization to early endosomes before degradation in lysosomes ([@B20]). Endosomes are important sorting stations for internalized peptides and may provide a platform for intracellular C-peptide signaling. An additional fate of intracellular C-peptide is its localization to nucleoli, where it promotes transcription of genes encoding for ribosomal RNA ([@B21]). These observations provide a mechanism by which C-peptide can exert transcriptional effects, and the findings demonstrate that the peptide may exert growth factor activity ([@B21],[@B22]).

INTRACELLULAR MECHANISMS OF C-PEPTIDE ACTION {#s2}
============================================

A variety of cell types respond to C-peptide exposure by activation of specific intracellular signaling pathways (see [Fig. 2*A*](#F2){ref-type="fig"} for a schematic overview). Application of physiological concentrations of C-peptide to renal tubular cells and endothelial cells results in a prompt elevation of intracellular Ca^2+^ concentrations (\[Ca^2+^\]~i~) ([@B14]) ([Fig. 2*B*](#F2){ref-type="fig"}). C-peptide also elicits phosphorylation of phospholipase C (PLC), several protein kinase C (PKC) isoforms, and phosphatidylinositol 3-kinase ([@B15],[@B23]). Activation of one or several components of the mitogen-activated protein kinase (MAPK) system ([@B15],[@B24]), frequently involving translocation of Ras homolog gene family, member A (RhoA) from the cytoplasm to the cell membrane, is consistently observed in a concentration-dependent manner for all examined cell types after exposure to C-peptide ([Fig. 2*C*](#F2){ref-type="fig"}). An important cellular end effect elicited by C-peptide is its regulatory influence on Na^+^,K^+^-ATPase mediated via PLC; PKC isoforms α, δ, and ε; and RhoA-activated MAPK signaling ([@B25],[@B26]). Thus, studies of ouabain-sensitive uptake of ^86^Rb^+^, a marker of Na^+^,K^+^-ATPase activity, in human renal tubular cells in primary culture show a stimulatory effect of C-peptide on Na^+^,K^+^-ATPase activity in the physiological concentration range ([Fig. 2*D*](#F2){ref-type="fig"}). Pretreatment with pertussis toxin or incubation of the cells in a Ca^2+^-free medium abrogates the C-peptide mediated effect. Moreover, it has been shown that C-peptide augments the expression of Na^+^,K^+^-ATPase via activation of the transcription factor zinc-finger E-box binding protein (ZEB) ([@B27]).

![*A*: General overview of intracellular signaling by C-peptide. C-peptide interaction with cell membranes is accompanied by activation of a pertussis toxin--sensitive G-protein. Subsequently, there is influx of Ca^2+^ and activation of eNOS, resulting in NO formation. PLC and specific isomers of PKC are also activated, as well as the MAPK complex. As a result, there is activation and induction of Na^+^,K^+^-ATPase, as well as DNA binding of several transcription factors, resulting in augmented eNOS mRNA formation and increased eNOS protein synthesis. Phosphoinositide 3-kinase (PI3-K)γ is also activated, giving rise to PPAR-γ--mediated transcriptional activity. In addition, there is evidence to indicate that C-peptide may interact synergistically with the insulin signaling pathway, as indicated by dashed lines. IRS-1, insulin receptor substrate 1; GS, glycogen synthesis; AA, amino acid uptake; DAG, diacylglycerol; FAK, focal adhesion kinase. *B*: Representation of \[Ca^2+^\]~i~ in fura-2/AM-loaded human renal tubular cells stimulated with 5 nmol/L human C-peptide. *Top panel*: Tracing of the 340:380 fluorescence ratio before and during C-peptide exposure; *bottom panel*: cell images in transmission light (*first panel*) and in color code (*next three panels*) representing \[Ca^2+^\]~i~ at the time points shown by the spot indicators (red) in the trace above. Reprinted with permission from Shafqat et al. ([@B14]). *C*: Effect of varying concentrations of C-peptide on ERK1/2 phosphorylation. *Top panel*: Human renal tubular cells were serum starved overnight and stimulated with human C-peptide, and cell lysates were subjected to Western blot analyses to determine ERK1/2 phosphorylation. Amount of phosphorylated (p-)ERK1/2 in the densitometric quantification is expressed as fold increase vs. control. Reprinted with permission from Zhong et al. ([@B15]). *D*: Effect of C-peptide and inhibitors on ouabain-sensitive ^86^Rb^+^ uptake indicating Na^+^,K^+^-ATPase activity. Primary human renal tubular cells were incubated with C-peptide (red bar), scrambled C-peptide (orange bar), or C-peptide plus pertussis toxin (PTX) (green bar) for 10 min. \*\**P* \< 0.01 vs. control (blue bar). Data are from Ref. [@B25]. *E*: Effect of C-peptide on the NO release from bovine aortic endothelial cells in the presence and absence of Ca^2+^. \*\*\**P* \< 0.001 vs. control. Data are from Ref. [@B28]. (A high-quality digital representation of this figure is available in the online issue.)](761fig2){#F2}

A second important cellular end effect of C-peptide is its influence on endothelial nitric oxide synthase (eNOS). Reduced eNOS activity in diabetes, resulting in altered microcirculation, is considered a pathogenic factor for development of microvascular complications. C-peptide in the physiological range has been found to activate eNOS and concentration-dependently increase the synthesis of nitric oxide (NO) in endothelial cells ([@B28]). There was no C-peptide--mediated stimulation of NO production in pertussis toxin--treated cells or when a calcium-binding agent was added to the medium ([Fig. 2*E*](#F2){ref-type="fig"}). C-peptide has also been shown to stimulate gene transcription of eNOS via the extracellular signal-regulated kinase (ERK)1/2, resulting in increased cellular expression of eNOS protein ([@B29]). Together, these data demonstrate that C-peptide is capable of eliciting endothelial NO release, resulting in vascular smooth muscle relaxation and increased blood flow.

In addition to its effects on the expression of Na^+^,K^+^-ATPase and eNOS, C-peptide is reported to elicit stimulation of a number of cell transcription factors (e.g., cAMP-responsive element--binding protein \[CREB\], activating transcription factors 1 and 2 (ATF-1 and ATF-2), Bcl-2, peroxisome proliferator--activated receptor \[PPAR\]-γ, ZEB, activator protein 1, sterol regulatory element--binding transcription factor \[SREBF\]-1, and nuclear factor \[NF\]-κB), all of which are of fundamental importance for cell processes such as cell growth, migration, inflammatory responses, and apoptosis (see Hills and Brunskill for a review) ([@B8]). Finally, C-peptide activates insulin receptor tyrosine kinase, insulin receptor substrate 1 tyrosine phosphorylation, and glycogen synthase kinase 3 phosphorylation ([@B30],[@B31]), with downstream effects leading to GLUT mobilization, promotion of amino acid uptake, and glycogen synthesis ([@B30]), suggesting that C-peptide signaling may cross-talk with the insulin pathway at the level of the insulin receptor.

ANTI-INFLAMMATORY EFFECTS {#s3}
=========================

Inflammation is increasingly being recognized as an important factor contributing to vascular damage in diabetes ([@B32]). There is evidence indicating that hyperglycemia may precipitate an inflammatory vascular response and play a significant role in the development of endothelial dysfunction. Patients with type 1 diabetes and microvascular complications show increased levels of several inflammatory markers as compared with patients without complications ([@B33]).

The multiple effects of C-peptide on inflammatory processes are outlined in [Fig. 3*A*](#F3){ref-type="fig"}. An early event in the development of diabetes-related vascular damage is the adhesion of circulating leukocytes to endothelial cells and their migration into the vessel wall. C-peptide has been found to reduce endothelial cell surface expression of adhesion molecules, such as P-selectin, intercellular adhesion molecule 1, and vascular adhesion molecule 1 ([@B34],[@B35]). In this way, C-peptide may attenuate leukocyte-endothelium interaction both in vitro and in vivo ([@B34],[@B35]) ([Fig. 3*B*](#F3){ref-type="fig"}). A later step in the development of vascular lesions is the secretion of chemokines that induce leukocyte adhesion and migration into the vascular wall. In this regard, C-peptide has been demonstrated to reduce glucose-induced and endotoxin-mediated secretion of the chemokines interleukin (IL)-6, IL-8, and monocyte chemoattractant protein 1 via suppression of nuclear translocation of NF-κB of both endothelial cells ([@B35]) ([Fig. 3*C*](#F3){ref-type="fig"}) and monocytes ([@B36]). Yet another important step toward formation of atherosclerotic lesions is proliferation and migration of vascular smooth muscle cells. Here, several reports have demonstrated that C-peptide in the physiological concentration range exerts a protective effect against migration of vascular smooth muscle cells induced by either high glucose or elevated insulin ([@B37]--[@B39]) ([Fig. 3*D*](#F3){ref-type="fig"}). More specific, it has been shown that C-peptide is capable of preventing insulin-induced neointima formation in human saphenous vein grafts via an inhibitory effect on SREBF-1 ([@B38]), indicating that C-peptide can prevent or limit the detrimental effects of insulin on vascular smooth muscle cell function. Other studies, however, report contrasting evidence to suggest that increased C-peptide levels may stimulate proliferation of aortic smooth muscle cells ([@B40]) ([Fig. 3*E*](#F3){ref-type="fig"}) and induce chemotactic activity similar to the effect of known chemokines ([@B41]). Further studies will be required to reconcile these opposing findings to better understand if elevated C-peptide concentrations may contribute to the development of diabetes-induced macrovascular abnormalities.

![*A*: Overview of C-peptide's cytoprotective, antiapoptotic, and anti-inflammatory effects. *B*: Leukocyte adherence in the rat mesenteric microvasculature after superfusion of the mesentery with 0.5 units/mL thrombin. Bars show number of adhering leukocytes per 100 μm postcapillary venular endothelium after an intravenous bolus administration of C-peptide (red bars) or scrambled C-peptide (orange bar). Data are means ± SE for number of adherent cells observed at 120 min in each group (*n* = 6). \*\**P* \< 0.01 vs. control (blue bar). Data are from Ref. [@B34]. *C*: Effect of C-peptide on binding activity of NF-κB p50. Human aortic endothelial cells were cultured in low (5.6 mmol/L) or high (25 mmol/L) glucose in the presence or absence of 0.5 nmol/L C-peptide. In cells exposed to high glucose (blue bar), there was a twofold increase in NF-κB p50 nuclear translocation compared with cells in low glucose (yellow bar). A decrease in NF-κB p50 nuclear translocation was observed in the presence of C-peptide (red bar) (\**P* \< 0.05 vs. high glucose alone), while heat-inactivated C-peptide (orange bar) had no significant effect. Data are from Ref. [@B35]. *D*: C-peptide reduces high glucose--induced proliferation of umbilical artery smooth muscle cells. Cells were incubated with 5.6 or 25 mmol/L glucose (yellow and blue bars, respectively) in the presence or absence of C-peptide and assayed for cell proliferation. C-peptide (red bars) reduced high glucose--induced umbilical artery smooth muscle cell proliferation (\*\**P* \< 0.01 vs. high glucose), while addition of scrambled C-peptide (orange bar) had no significant effect. Data are from Ref. [@B37]. *E*: C-peptide induces vascular smooth muscle proliferation. Human aortic smooth muscle cells were stimulated with different concentrations of human C-peptide (red bars) for 24 h before cell proliferation was assessed by \[^3^H\]thymidine incorporation. Scrambled C-peptide (10 nmol/L; orange bar) was used as a negative and platelet-derived growth factor (10 ng/mL) as a positive control. Data are expressed as fold induction of unstimulated cells. \**P* \< 0.05 vs. control. Data are from Ref. [@B40]. ROS, reactive oxygen species; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular adhesion molecule 1; MCP-1, monocyte chemoattractant protein 1; VSMC, vascular smooth muscle cell; CP, C-peptide; Scr, scrambled; HI, heat inactivated; UASMC, umbilical artery smooth muscle cells; VSM, vascular smooth muscle; PDGF, platelet-derived growth factor; PI-3K, phosphoinositide 3-kinase.](761fig3){#F3}

Apart from fueling inflammatory processes, activation of NF-κB has also been shown to accelerate apoptosis in human endothelial cells. A recent report demonstrates that C-peptide is able to suppress both glucose-induced and tumor necrosis factor (TNF)-α--mediated activation of NF-κB via reduced generation of reactive oxygen species ([@B42]). Downstream effects involve decreased levels of pro-apoptotic caspase-3, elevated levels of antiapoptotic Bcl-2, and subsequently attenuated apoptosis. In summary, C-peptide has been shown capable of antagonizing adhesion molecule expression, inflammatory cytokine secretion, and reactive oxygen species formation in endothelial cells and leukocytes exposed to a variety of inflammatory insults.

CIRCULATORY EFFECTS {#s4}
===================

Endothelial dysfunction and compromised microvascular circulation are common denominators in the development of microvascular complications of type 1 diabetes. Impaired release of NO from the vascular endothelium and altered blood rheology secondary to diminished erythrocyte deformability are thought to be important in impeding the microcirculation in type 1 diabetes. Both of these factors can be influenced by C-peptide ([Fig. 4*A*](#F4){ref-type="fig"}). Thus, physiological concentrations of the peptide have been shown to activate and induce eNOS and to elicit augmented NO release from endothelial cells ([@B28],[@B29]), as discussed above. Moreover, C-peptide reduces or normalizes the abnormality of erythrocyte elasticity that is characteristic of type 1 diabetes. In vitro data show that erythrocyte deformability is improved by C-peptide over a range of physiological shear stress, mediated via a stimulatory influence on the Na^+^,K^+^-ATPase of the erythrocyte ([@B43]). This effect can be elicited both by the full-length native peptide and by its COOH-terminal penta- or hexapeptide segments but not by a scrambled C-peptide ([@B44]). The effect is abolished by the addition of ouabain or EDTA ([@B43]), and it is currently being discussed whether metal ions, primarily presence of Zn^2+^, are required ([@B45]). In addition, the interaction between C-peptide and erythrocytes extends beyond a beneficial effect on erythrocyte deformability in that the peptide has been shown to increase glucose uptake by erythrocytes and elicit release of ATP ([@B46]). Intravascular release of ATP is reported to stimulate NO synthesis in endothelial cells via purinergic receptor signaling, with subsequent dilation of resistance vessels and increase in regional blood flow ([@B46]).

![*A*: Circulatory effects of C-peptide. C-peptide stimulates Ca^2+^ uptake by endothelial cells, leading to increased expression and activity of eNOS and increased production of NO. NO elicits relaxation of vascular smooth muscle cells and vasodilation. In erythrocytes, C-peptide increases uptake of glucose and subsequent release of ATP, which in turn stimulates NO production in endothelial cells. In addition, C-peptide improves the erythrocyte deformability by enhancing Na^+^,K^+^-ATPase activity. *B*: Resting forearm blood flow measured by a plethysmographic method in 11 patients with type 1 diabetes. *Left panel*: C-peptide infusion (6 pmol/kg/min; red bar) increased basal blood flow (blue bar) by 38% (\**P* \< 0.05). Data are from Ref. [@B48]. *Right panel*: Exercising forearm blood flow determined by indicator diffusion technique before and during C-peptide administration. Forearm blood flow during exercise was reduced in diabetic patients (blue bar) compared with healthy control subjects (yellow bar). When exercise was repeated during intravenous C-peptide infusion (6 pmol/kg/min), blood flow was found to rise by 28% in the diabetic patients (*n* = 12, \*\**P* \< 0.01 vs. basal state) and become similar to that of healthy control subjects. Data are from Ref. [@B4]. *C*: Forearm blood flow in 10 type 1 diabetic patients was measured using venous occlusion plethysmography during 60-min intravenous infusion of C-peptide at increasing rate (red bars) or NaCl (placebo; orange bar). In the C-peptide--treated groups, forearm blood flow increased by 15 ± 3% (0.3 nmol/L C-peptide, \*\*\**P* \< 0.001 vs. baseline) and 25 ± 6% (1.1 nmol/L C-peptide, \*\**P* \< 0.01 vs. baseline), respectively. Data are from Ref. [@B49]. *D*: Effect of C-peptide on myocardial blood flow in patients with type 1 diabetes (*n* = 8). The figure shows percent increase in resting myocardial blood flow, as estimated by contrast echocardiography, during infusion of C-peptide (red bar) or saline (orange bar). \**P* \< 0.05. Data are from Ref. [@B50]. *E*: Effect of C-peptide on adenosine-stimulated myocardial vasodilation in 10 type 1 diabetic and 10 healthy individuals. The graph indicates the difference between basal and adenosine-stimulated myocardial blood flow measured by positron emission tomography technique in patients before (blue bar) and during (red bar) C-peptide infusion and in healthy subjects (yellow bar). \**P* \< 0.05. Data are from Ref. [@B51]. *F*: Erythrocyte capillary velocity in skin circulation of type 1 diabetic patients (*n* = 19) receiving C-peptide infusion (8 pmol/kg/min) vs. saline infusion. \*\*\**P* \< 0.001. Reprinted with permission from Forst et al. ([@B52]). CP, C-peptide.](761fig4){#F4}

Administration of C-peptide in animal models and in type 1 diabetic patients results in a prompt increase in blood flow in several tissues. Direct measurements of sciatic nerve blood flow in animal models of type 1 diabetes have demonstrated augmented endoneurial blood flow in response to C-peptide administration ([@B47]). Skeletal muscle blood flow (forearm) at rest ([@B48]) and during exercise ([@B4]) increases in response to C-peptide in a concentration-dependent manner across the 0--1 nmol/L range ([@B49]) ([Fig. 4*B* and *C*](#F4){ref-type="fig"}) as a consequence of resistance vessel relaxation and augmented capillary recruitment. Higher concentrations of C-peptide elicit no further rise in blood flow, and no effect of C-peptide is seen in healthy nondiabetic subjects ([@B4]). C-peptide infusion in replacement dose in type 1 diabetic patients gives rise to an ∼30% increase in left ventricular myocardial blood flow both under basal conditions and during pharmacological stimulation ([Fig. 4*D* and *E*](#F4){ref-type="fig"}). The patients also show improved rates of left ventricular contraction rate and increased ejection fraction, plus a shortening of the QT interval during C-peptide administration ([@B50],[@B51]). In addition, there is an augmented skin capillary erythrocyte velocity and a redistribution of blood flow from thermoregulatory shunts to nutritive skin capillaries when C-peptide is administered in type 1 patients ([@B52]) ([Fig. 4*F*](#F4){ref-type="fig"}).

C-PEPTIDE AND RENAL FUNCTION IN DIABETES {#s5}
========================================

Early signs of diabetic kidney disease include glomerular hyperfiltration and glomerular enlargement, primarily as a result of mesangial matrix expansion and urinary albumin leakage. A number of studies show that C-peptide elicits beneficial effects on different aspects of diabetes-related renal dysfunction (for an overview, see [Fig. 5*A*](#F5){ref-type="fig"}). C-peptide and renal function in diabetes have been studied in streptozotocin (STZ)-induced diabetic rats for periods from 2 h up to 28 days using replacement doses of the peptide. The glomerular hyperfiltration, present at onset of the studies, was promptly and almost completely prevented by C-peptide, and urinary albumin excretion was reduced by 70--100% in comparison with placebo-treated rats ([@B53]) ([Fig. 5*B*](#F5){ref-type="fig"}). Regarding the mechanism(s) underlying the observed beneficial effects, direct measurements have shown that C-peptide elicits a constriction of the afferent glomerular arteriole ([Fig. 5*C*](#F5){ref-type="fig"}) and possibly a relaxation of the efferent arteriole in STZ-induced diabetic mice, resulting in a reduction of intraglomerular pressure ([@B54]). These effects by C-peptide in the diabetic state are different from those observed under conditions of normoglycemia and represent an inhibitory rather than stimulatory influence by the peptide on renal arteriolar eNOS ([@B54],[@B55]) and glomerular and tubular Na^+^,K^+^-ATPase ([@B53]\--[@B56]). Further studies are required to determine the background to these surprising observations, but the findings help explain the C-peptide mediated reduction of glomerular hyperfiltration and decrease of urinary albumin excretion in the diabetic state. It is notable that renal function in healthy animals was unresponsive to C-peptide.

![*A*: Schematic overview of C-peptide's effect on diabetes-induced functional and structural renal abnormalities. *B*: Mean GFR in STZ-induced diabetic rats treated with C-peptide, placebo, or scrambled C-peptide. The arrow indicates the start of infusions of either C-peptide (0.5 nmol/min/kg) or scrambled C-peptide. \**P* \< 0.05, \*\**P* \< 0.01 vs. placebo. Data are from Ref. [@B53]. *C*: The effect of C-peptide (5 nmol/L) on the diameter of afferent glomerular arterioles in healthy and hyperglycemic STZ-induced diabetic mice compared with control animals. Data are means ± SE. Data are from Ref. [@B54]. *D*: Effect of C-peptide administration (50 pmol/kg/min) for 4 weeks on mesangial matrix volume in STZ-induced diabetic rats (DM). The placebo-treated group (green bar) showed a mesangial matrix fraction that was more than twice that in the control group (blue bar). C-peptide treatment significantly reduced the mesangial matrix fraction compared with placebo (red bar; \*\*\**P* \< 0.001). Data are from Ref. [@B57]. *E*: C-peptide effects on glomerular hyperfiltration in 11 patients with early stage type 1 diabetes. C-peptide was given intravenously for 1 h (bolus of 25 pmol/kg/min for 1.5 min followed by 10 pmol/kg/min for 6.5 min and ending with 5 pmol/kg/min for 52 min; low dose) and then for an additional hour using a bolus and infusion rates six times those of the first infusion period (high dose). Mean values ± SEM for basal state (blue bar) and C-peptide infusion (red bars) after 60 min (red bars) are indicated. \*\*\**P* \< 0.001. Data are from Ref. [@B3]. *F*: Effects of C-peptide administration for 4 weeks on urinary albumin excretion in 18 type 1 diabetic patients with microalbuminuria. The graph presents data for the basal state compared with C-peptide (red bar) and placebo (green bar) after 4 weeks. \**P* \< 0.05 compared with basal state. Data are from Ref. [@B5]. *G*: Effects of C-peptide administration for 3 months on urinary albumin excretion in 21 type 1 diabetic patients and microalbuminuria. Patients received C-peptide (600 nmol/24 h) or placebo for 3 months in a crossover design. Albumin excretion was significantly different between C-peptide- and placebo-treated patients after 2 months (\**P* \< 0.05) and 3 months (\*\**P* \< 0.01). Data are from Ref. [@B6]. CP, C-peptide.](761fig5){#F5}

It has also been demonstrated that C-peptide alleviates diabetes-induced structural changes of the glomeruli. When given to STZ-induced diabetic rats in physiological concentrations, it prevents or attenuates early glomerular enlargement. Thus, for STZ-induced diabetic rats given replacement doses of C-peptide subcutaneously for 4 weeks (starting 4 weeks after onset of diabetes), 65% of the increase in fractional volume of the glomerular mesangial matrix that occurred in untreated animals was inhibited by C-peptide ([@B57]) ([Fig. 5*D*](#F5){ref-type="fig"}). The mechanism involved may relate to the finding that C-peptide antagonizes the effects of the major disease mediators transforming growth factor (TGF)-β1 ([@B58]) and TNF-α ([@B16]). Thus, in vitro studies show that the peptide reduces the expression of the profibrotic cytokine TGF-β1 and the glomerular accumulation of type IV collagen ([@B59]). In addition, C-peptide has been shown to protect against TNF-α--induced apoptosis of renal cells by induction, via NF-κB, of survival genes ([@B16],[@B58]).

Several studies evaluating the effects of C-peptide on renal function in patients with type 1 diabetes have been undertaken. In a double-blind placebo--controlled study, C-peptide was infused intravenously for 2 h, reaching plasma concentrations in the physiological range ([@B3]). All patients presented with increased glomerular filtration rate (GFR) in the basal state, and GFR decreased by 7% after C-peptide administration but was unchanged in the placebo group ([Fig. 5*E*](#F5){ref-type="fig"}). In a 1-month double-blind randomized study, type 1 patients with incipient nephropathy received replacement doses of C-peptide administered by subcutaneous infusion via a pump together with the patients' regular insulin therapy ([@B5]). All patients showed elevated GFR and mild microalbuminuria at the start of the study. In the C-peptide--treated patients, GFR fell by 6% and the urinary albumin excretion decreased by \>50%, whereas no significant change was observed in the control subjects ([Fig. 5*F*](#F5){ref-type="fig"}). In a further study involving type 1 diabetic patients with early stage nephropathy and microalbuminuria, C-peptide was administered in replacement dose for 3 months in a double-blind placebo--controlled cross-over design ([@B6]). Prestudy urinary albumin excretion was on average 55 ± 10 μg/min, and measurements were undertaken after 1, 2, and 3 months. The albumin excretion decreased progressively throughout the study period and had fallen by ∼40% at the end of the study in the patients receiving C-peptide. In contrast, the average albumin excretion remained unchanged or increased slightly in the placebo-treated patients ([Fig. 5*G*](#F5){ref-type="fig"}). Indices of glycemic control were similar in the C-peptide group and the control group, and all patients were normotensive throughout the study, demonstrating that the diminished albumin excretion was directly related to the C-peptide administration. The in vivo animal observations and the clinical studies in type 1 diabetic patients provide support for a role for C-peptide in alleviating the diabetes-induced functional and structural abnormalities of the kidneys.

EFFECTS OF C-PEPTIDE ON DIABETIC NEUROPATHY {#s6}
===========================================

Diabetic peripheral neuropathy (DPN), the most common complication of diabetes, is manifested as sensory loss in the extremities with severe clinical implications potentially leading to foot ulceration and limb amputation. Several clinical studies, with C-peptide replacement in patients with type 1 diabetes, show beneficial effects on somatic and autonomic DPN. [Figure 6*A*](#F6){ref-type="fig"} summarizes the effects of C-peptide on diabetic neuropathy. Studies in spontaneously diabetic BB/Wor rats show that C-peptide in replacement doses has the ability to improve peripheral nerve function and prevent or reverse the development of nerve structural changes. Thus, C-peptide administration for 2 months in diabetic BB/Wor rats, starting 1 week after onset of diabetes, reduced the development of the nerve conduction velocity (NCV) defect by 60% compared with control animals ([@B60]) ([Fig. 6*B*](#F6){ref-type="fig"}). In rats treated for 8 months, C-peptide reduced the NCV defect by 70% and exerted a beneficial effect on the nerve structural changes that otherwise occur ([@B60]). The latter effect included prevention of diabetes-induced axonal atrophy, axoglial dysjunction, and paranodal demyelination of sural nerve fibers ([Fig. 6*C*](#F6){ref-type="fig"}). C-peptide treatment has also been started after 5 months of diabetes, when the neuropathy has become established. C-peptide administration for 3 months then led to not only a significant improvement in NCV but also a reduction of diabetes-induced axonal degeneration and loss, as well as an increase in nerve fiber regeneration ([@B60],[@B61]).

![*A*: Schematic overview of functional and structural effects of C-peptide on diabetic neuropathy. *B*: C-peptide and NCV in diabetic BB/Wor rats. NCV in healthy (blue line) and diabetic BB/Wor rats given rat C-peptide in replacement dose (75 nmol C-peptide/kg/24 h) by subcutaneous pump infusion starting 1 week after onset of diabetes or after 5 months of diabetes (red lines, start of infusion indicated by arrows). The NCV declined progressively in the untreated diabetic animals (yellow line, *P* \< 0.01 vs. controls) but increased in the C-peptide--infused animals (*P* \< 0.05 vs. untreated BB/Wor rats). Data are from Ref. [@B60]. *C*: C-peptide and the development of axoglial dysjunction in diabetic BB/Wor rats. Axoglial dysjunction was increased 3.5-fold in untreated diabetic rats (blue bar) compared with control rats (yellow bar). C-peptide (0--8 months and 5--8 months) prevented and reversed axoglial dysjunction (red bars; \*\*\**P* \< 0.001 vs. untreated diabetic rats). Data are from Ref. [@B60]. *D*: C-peptide replacement results in a partial correction of the acute Na^+^,K^+^-ATPase defect in diabetic BB/Wor rats. Sciatic nerve Na^+^,K^+^-ATPase activity in healthy control rats (yellow bar), untreated BB/Wor diabetic rats (blue bar), and animals that received C-peptide for 2 months after diabetes onset (75 nmol/kg/24 h) shown. \*\*\**P* \< 0.001 vs. untreated diabetic rats. Data are from Ref. [@B60]. *E*: C-peptide and nerve blood flow in diabetic rats. Endoneurial blood flow in STZ-induced diabetic rats was measured using a hydrogen elimination technique. Rats were treated for 2 weeks starting 6 weeks after onset of diabetes. Results are shown for healthy control rats (yellow bar), diabetic untreated rats (blue bar), and diabetic rats treated with C-peptide (red bar; 50 pmol/kg/min). \*\*\**P* \< 0.001 vs. untreated diabetic rats. Data are from Ref. [@B47]. *F*: C-peptide and sensory nerve conduction velocity (SCV) in patients with type 1 diabetes and early stage neuropathy. Change in SCV after 6 (\**P* \< 0.05) and 12 (\*\**P* \< 0.001) weeks of C-peptide treatment (600 nmol/24 h, *n* = 26) or placebo administration (*n* = 20). The difference between the C-peptide and placebo groups at 12 weeks was statistically significant (2.1 m/s, \**P* \< 0.05). Data are from Ref. [@B70]. *G*: Effect of C-peptide on vibration perception (VPT) and clinical neurologic impairment (NIA score) after 6 months of C-peptide administration in type 1 diabetic neuropathy. Within the C-peptide groups (1.5 or 4.5 mg/day divided into four s.c. doses during 6 months, *n* = 92, red bars), both VPT and NIA score were significantly improved (\*\**P* \< 0.01). The placebo group (*n* = 47, blue bars) showed no significant change in VPT or NIA. Data are from Ref. [@B71]. BB/W, BB/Wor rats; CP, C-peptide; NT3, neurotrophin 3.](761fig6){#F6}

Effects of C-peptide on the molecular and functional abnormalities underpinning the progressive nature of DPN have been studied in animal models of type 1 diabetes. Impaired nerve Na^+^,K^+^-ATPase activity and diminished NO availability are key metabolic abnormalities responsible for the reduction in NCV. The Na^+^,K^+^-ATPase defect influences the permeation of Na^+^ at the node of Ranvier, resulting in decreased transmembranous potentials, intra-axonal Na^+^ accumulation, and decreased NCV ([@B62],[@B63]). A further mechanism implicated in the acute nerve conduction slowing is decreased endoneurial blood flow as a result of impaired endothelial NO release ([@B47],[@B64]). C-peptide replacement in type 1 diabetic rats restores Na^+^,K^+^-ATPase activity dose dependently ([Fig. 6*D*](#F6){ref-type="fig"}) and improves NO availability with subsequent beneficial effects on endoneurial blood flow and NCV ([Fig. 6*E*](#F6){ref-type="fig"}), even in the presence of highly elevated glucose levels ([@B47],[@B65]). Further effects ascribed to C-peptide include gene-regulatory effects via the transcription factors c-jun, c-fos, NF-κB, and CREB ([@B66]), resulting in correction of several neurotrophic factors and their receptors, such as IGF-I, nerve growth factor (NGF), neurotrophin 3, and the insulin receptor ([@B22],[@B67]). Impaired neurotrophic support affects the synthesis and posttranslational modifications of cytoskeletal proteins, such as neurofilaments and tubulins, contributing to axonal dysfunction, degeneration, and loss and impaired nerve regeneration. Corrective effects of C-peptide have also been demonstrated for several phosphorylating stress kinases, as well as on synthesis of neuroskeletal proteins ([@B67]), all of which help explain the peptide's beneficial effects on axonal function and axonal atrophy and its stimulatory effect on nerve fiber regeneration.

Nodal and paranodal degenerative changes are characteristic of type 1 DPN in humans and animal models and have severe functional implications ([@B68]). Progressive degeneration of paranodal tight junctions, which secure the localization of α-Na^+^ channels to the node of Ranvier, underlies in part the NCV defect in type 1 DPN. The tight junctions are made up of adhesive proteins such as caspr, contactin, neurofascin, and RPTP-β. In type 1 diabetes, these proteins and their interactive regulations become progressively compromised with disruption of the ion-channel barrier, lateral migration of Na channels, and consequently diminished nodal Na^+^ permeability and decreased NCV ([@B68],[@B69]). C-peptide replacement in diabetic BB/Wor rats has been shown to restore the expression of the adhesive proteins and their interactive regulations, thereby significantly improving the integrity of the paranodal barrier and nerve function ([@B69]).

The beneficial effects of C-peptide on impaired nerve function induced by type 1 diabetes have been confirmed in clinical studies. A double-blind placebo--controlled study in early stage neuropathy patients with C-peptide replacement during a 3-month period showed a gradual increase in sural NCV reaching 2.7 m/s that amounted to 80% correction of the initial nerve conduction deficit ([Fig. 6*F*](#F6){ref-type="fig"}), as well as improvements in vibration perception ([@B70]). These results were confirmed in a larger study of patients with type 1 diabetes and manifest DPN ([@B71]). Six months of C-peptide replacement resulted in improvements in sensory NCV, vibration perception, and clinical scores of neuropathy impairment ([@B71]) ([Fig. 6*G*](#F6){ref-type="fig"}), as well as erectile dysfunction ([@B72]). Levels of glycemic control were similar in C-peptide-- and placebo-treated patients. Improvements in heart rate variability and other indices of cardiac autonomic innervation have also been observed in patients with mild to moderate autonomic dysfunction after both short-term ([@B7]) and 3-month ([@B6]) administration of C-peptide in replacement doses. In summary, the available clinical and experimental evidence demonstrates that C-peptide exerts a multitude of beneficial effects on the pathogenetic mechanisms underlying DPN in type 1 diabetes.

ENCEPHALOPATHY {#s7}
==============

Encephalopathy is now becoming a recognized complication of type 1 diabetes ([@B10]). Neurobehavioral examinations of children with type 1 diabetes indicate the presence of deficits in attention, executive function, intelligence, and memory, which parallel lower IQs and impaired school performances ([@B73]). Contrary to earlier beliefs, cognitive deficits do not seem to correlate with previous hypoglycemic episodes. Volumetric magnetic resonance imaging and voxel-based morphometric analysis reveal significant deficits in limbic gray and white matter volumes, and neuropathology examination shows significant neuronal loss in hippocampus and frontal cortex in type 1 diabetic patients (for a review, see Sima et al. \[[@B10]\]). Studies in the type 1 diabetic BB/Wor rat indicate several underlying mechanisms and their sequential progression to neurobehavioral deficits and gray and white matter changes. Such changes are significantly prevented and in some instances reversed by C-peptide administration. Thus, replacement of C-peptide in the diabetic BB/Wor rat partially prevented the development of deficits in spatial learning and memory as evaluated by the radial arm maze. Moreover, C-peptide replacement in diabetic BB/Wor rats limited hippocampal neuronal loss ([Fig. 7*A*](#F7){ref-type="fig"}) and prevented upregulation of receptor for advanced glycosylation end product and NF-κB ([@B10]), while the diabetes-induced downregulation of trophic factors, such as IGF-I, IGF-II, and NGF, was diminished or prevented ([@B74]). In keeping with these findings, C-peptide was found to limit the diabetes-induced rise in Bcl2-associated X protein (Bax) ([Fig. 7*B*](#F7){ref-type="fig"}) and caspase expression ([@B74]) and diminish the fall in synaptophysin expression ([Fig. 7*C*](#F7){ref-type="fig"}) ([@B10]). Moreover, C-peptide replacement partially normalizes the inflammatory cascade in hippocampus of diabetic rats ([@B10]). The innate inflammatory cascade may elicit oxidative DNA damage, activation of proapoptotic stressors, and, eventually, apoptotic neuronal death. C-peptide replacement from onset of diabetes in the BB/Wor rat corrects neurotrophic factors, ameliorates presynaptic loss, restores the expression of the postsynaptic excitatory GluR2 ([@B10]), and prevents to a significant degree oxidative DNA damage, apoptosis, and the neuronal loss in chronically diabetic rats ([@B10],[@B74]). Available preclinical evidence thus suggests that replacement of C-peptide may exert significant protective effects on this newly recognized and potentially devastating complication.

![*A*: Neuronal densities in CA1--CA4 in hippocampi from control, BB/Wor, and C-peptide--replaced BB/Wor rats (*n* = 4 per group). In CA1 and CA2 of BB/Wor rats, neuronal densities were significantly decreased compared with controls. C-peptide replacement resulted in a significant protection against neuronal loss in CA1. No significant differences were seen for the groups in CA3 and CA4. \**P* \< 0.05 vs. BB/Wor rats. Data are from Ref. [@B74]. *B*: The protein expression of Bax in hippocampi in four individual animals per group. Bax was significantly increased in BB/Wor rats. C-peptide replacement significantly (\**P* \< 0.05 vs. untreated BB/Wor rats) prevented this increase. Data are from Ref. [@B74]. *C*: Expression of hippocampal presynaptic synaptophysin was significantly decreased in 4-month diabetic rats and was prevented by C-peptide replacement from onset of diabetes (\*\*\**P* \< 0.001 vs. untreated BB/Wor rats). Data are from Ref. [@B10].](761fig7){#F7}

CONCLUSIONS AND FUTURE OUTLOOK {#s8}
==============================

From the multifaceted effects of C-peptide discussed above, it should be clear that the peptide can no longer be considered an irrelevant by-product of insulin biosynthesis. Its specific binding to cell membranes, its particular intracellular signaling pattern with end effects involving activation and enhanced expression of eNOS and Na^+^,K^+^-ATPase, and its activation of several important transcription factors all attest to the peptide being a bioactive endogenous peptide in its own right. Extensive studies in animal models of diabetes and early clinical trials in type 1 diabetic patients demonstrate that replacement of C-peptide results in beneficial effects on the diabetes-induced functional and structural abnormalities of peripheral nerves, the kidneys, and the brain. Much remains to be learned about C-peptide physiology, but even a cautious evaluation of the available evidence presents in plain sight the picture of a previously unrecognized endogenous peptide with therapeutic potential. Since no disease-modifying therapy is available for patients with microvascular complications of type 1 diabetes, it can be hoped that the ongoing development of a long-acting C-peptide ([@B75]) will facilitate further clinical trials and allow definition of C-peptide's potential role in the therapy of type 1 diabetes.
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